Planck scale lepton number violation is an interesting and natural possibility to explain non-zero neutrino masses. We consider such operators in the context of Randall-Sundrum (RS1) scenarios. Implementation of this scenario with a single Higgs localized on the IR brane (standard RS1) is not phenomenologically viable as they lead to inconsistencies in the charged lepton mass fits. In this work we propose a set-up with two Higgs doublets. We present a detailed numerical analysis of the fits to fermion masses and mixing angles. This model solves the issues regarding the fermion mass fits but solutions with consistent electroweak symmetry breaking are highly fine tuned. A simple resolution is to consider supersymmetry in the bulk and
I. INTRODUCTION
One of the most puzzling features of the Standard Model is the existence of extremely small but non-zero neutrino masses [1] . Extension of the SM fermion content by the introduction of right handed neutrinos offers a possible solution to understand this intriguing aspect about neutrinos. mechanism referred to as Type-II and Type-III. In Type-II, a scalar triplet is added to the SM matter content. Type-III also contains a right handed fermion but is a triplet under SU (2) L . A detailed review of the various types of see-saw mechanism can be found for example in [3, 4] .
The see-saw mechanisms ascribe a Majorana nature to the neutrino which violate lepton number. It is not yet known whether neutrinos are of Dirac or Majorana type. Though there is no experimental evidence favoring either of them, theoretically the realization of Dirac type neutrino seems less natural than Majorana neutrinos as it requires the assumption of global lepton number conservation. This is because the assumption of conservation of global symmetries lead to problems in fundamental theories of quantum gravity 1 [7] It is also possible to generate small neutrino masses without extending the SM field content. This is possible by the introduction of higher dimensional lepton number violating operators of the form LLHH. These operators are in general suppressed by the Planck scale. This is because the origin of this operator can be traced up to the lepton number breaking effects at the quantum gravity scale which is typically the Planck scale. In 4D however, such operators with O(1) co-efficients lead to neutrino masses of O v 2 M P l which are very small. They would require an enhancement in the co-efficients of these operators of the O(10 3 − 10 4 ) to generate neutrino masses near the atmospheric scale. This is not viable as it would lead to non-perturbativity in the calculations. In an attempt to revive the Planck scale suppressed operators, we shall consider them in the context of extradimensional models. One advantage of considering such models is that in the effective 4D theory the suppressing scale is in general less than the Planck scale. This is because the effective 4D scale is defined in terms of the Planck scale as Λ = f bulk M P l , where f bulk is a function of fundamental bulk parameters of the theory. A particular realization of the extradimensional framework we consider here, is the one proposed by Randall and Sundrum [8] . It consists of a single extra-dimension compactified on an S 1 /Z 2 orbifold. A 3-brane is introduced at each of the orbifold fixed points i.e. at y = 0 and y = πR. The presence of a large negative bulk energy density attributes a warped geometry to the bulk. Introduction of brane-localized sources results in a vanishing cosmological constant on the branes. Identifying the scale of physics at the y = 0 brane as the Planck scale, the effective UV scale induced at the brane at y = πR is given as e −kRπ k where R is the radius of compactification and k is the reduced Planck scale.
Choosing kR ∼ 11 we find that Planck scale masses are naturally warped down to the T eV scale on the y = πR brane with O(1) choice of model parameters thus providing an elegant solution to the hierarchy problem. The geometry of RS also offers a natural explanation to the observed hierarchical masses of fermions by means of the split fermion approach introduced in [9] and applied to the RS framework in [10] .
Neutrino masses and flavour phenomenology in RS model have been previously considered in [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . More recently in [24] a detailed analysis of various models of neutrino mass generation was considered. In particular, the Planck scale lepton number violating operators was studied. It was observed that in a regular RS setup, realization of Planck scale lepton number violating operators (LLHH) led to unattractive solutions as far as fitting of charged lepton masses are concerned. In this case the small neutrino mass was determined entirely by the bulk mass parameters for the leptonic doublets. In scenarios with large warping (∼ 10 −16 ), the zero mode for the doublets was localized towards the UV brane to fit eV scale neutrino masses. To offset the UV localization of the zero mode doublets, the charged singlets are required to be localized very close to the IR, near the Higgs, to fit the charged lepton masses. This leads to non-perturbative Yukawa couplings between the zero mode singlets and the higher KK modes. For flavour processes this rendered the higher order diagrams incalculable. In addition this scenario is not tenable as it leads to reintroduction of large hierarchies among the bulk mass parameters.
In this work we revisit the LHLH operator in a regular RS setup. The goal of the study is to revive the LLHH type scenario wherein it could lead to a consistent description of lepton mass and mixing data. A) The zero mode of H u is localized close to the IR brane while that of H d is localized close to the UV brane.
B)The zero mode of H d is localized close to the IR brane while the zero mode of H u is localized close to the UV brane. The localization of the zero modes are flipped with respect to configuration A. However, H u cannot be localized very close to the UV brane as it will lead to very small neutrino masses.
C)The zero mode of both the Higgs doublets are localized near the UV brane. Similar constraints on the localization of H u applies in this case as well. If H u and H d are localized at the same point near the UV brane then this scenario is equivalent to a single bulk Higgs scenario.
D)The zero mode of both the Higgs doublets are localized near the IR brane. H d cannot be strongly localized near the IR brane as it will lead to the re-introduction of hierarchies in the bulk masses of the charged singlets as observed in [24] .
All the configurations results in a situation where the lepton masses and mixing angles can be fit with O(1) choice of bulk mass parameters. Technique of χ 2 minimization introduced in [24] is adapted to identify the parameter space of bulk masses which fit the data. Configurations A and B are less favoured than C and D when the hadronic sector fits are taken into account. Electro-weak symmetry breaking for all the four configurations can only be realised with large fine tuning in the 
where Λ (5) ∼ 2.2 × 10 18 GeV. Here L(E) stands for doublet(singlet). Using the following KK expansion for the bulk fields
where L, R denote chirality. We assume L L , E R to be even under Z 2 and hence non-vanishing on the brane while L R , E L are odd. Integrating over y, we arrive at the following effective 4D mass matrix for the neutrino
where κ = 2kκ and = e −kRπ ∼ 10 −16 . The normalization factor is given as
where a = L, R. Since Λ (5) ∼ TeV, we find that c L ∼ 0.9 is required to fit neutrino mass O(0.04)
eV. Turning our attention to the charged leptons, the mass matrix can be obtained from Eq. (1) as
In order to fit the small neutrino masses, the zero mode of the doublets are required to be very close to the UV brane (c L ∼ 0.9). To offset the UV localization of the doublets, the corresponding zero modes for the charged singlets are required to be localized very close to the IR brane to fit the charged lepton masses. Quantitatively, the c values for the charged singlets vary from −100 to −10 7 from the first to the third generation, thus resulting in the reintroduction of hierarchies in the bulk mass parameters. The bulk masses are above the cutoff scale and the effective 4D Yukawa coupling of the the SM singlets to the KK modes are non-perturbative. As a result a setup with a
Higgs localized near the IR brane is not very attractive.
III. PLANCK SCALE LEPTON NUMBER VIOLATION WITH BULK HIGGSES
We now explore Planck scale lepton number violating operators in a RS set up with bulk Higgs.
In [25] , such an operator were considered in a RS model with a smaller warp factor (∼ 10 −2 ) and was shown to generate correct neutrino masses. In this case however, we consider the RS model with large warp factor ∼ 10 −16 as in the original setup [8] . An RS model with two Higgs doublets, labeled as H u and H d is studied. H u couples to the up(neutrino) sector while H d couples only to the down(charged lepton) sector. Such models are referred to as two Higgs doublet models of Type-II. The basic idea is to decouple the neutral lepton and the charged lepton Yukawa couplings.
The Yukawa part of action for the leptonic and hadronic sector with two Higgs doublets is given as [26, 27] . Brane localized mass terms are added giving rise to modified Neumann boundary conditions with the brane mass parameter appropriately adjusted to result in consistent zero mode solutions. Bulk action for a complex scalar field Φ is given as [26, 27] 
where we parametrize the bulk mass as m 2 Φ = ak 2 with a, b being dimensionless quantities. Here Φ denotes H u or H d and correspondingly b denotes b u or b d . Ideally one would expect them to be O(1). The bulk field Φ is KK expanded as
The zero mode profile for a bulk scalar is given as [26, 27] 
where
where = e −kRπ is the warp factor. The brane parameter b must be tuned to be b = 2 ± √ 4 + a to satisfy the boundary conditions for the zero modes. To understand the localization property of the zero mode, consider the canonically normalized profile given asf
implies the zero mode of the Higgs is localized towards the IR(UV) brane.
For a bulk Higgs, the fundamental Yukawa couplings Y
E have mass dimension -1/2. Using the KK expansion in Eq. (2) and integrating over the extra-dimension the zero mode mass matrix for all charged fermions in general is given as
where we have defined the dimensionless O(1) Yukawa coupling as
E . The normalization factor N ca is given by Eq.(4).
Similarly the expression for the neutrino mass matrix can be determined from Eq. (6) as
where κ = 2 √ kκ. We adapt the technique of χ 2 minimization introduced in [24] to identify the range of bulk paramters of the doublets and charged singlets for all the four configurations which admit a good fit to the data. The χ 2 function is defined as The results in this case will be nearly opposite to that of configuration A. As shown in The range of bulk masses c L,E for all the four configurations which satisfy the minimum χ 2 requirement are summarized in Table I .
The reader might be inquisitive whether such localization of the two Higgses in the bulk would lead to correct fits for the hadronic sector or not. The hadronic fits for configurations A and B is challenging as far the third generation is concerned. For these two configurations, the zero modes of the two Higgs doublets are localized towards each of the orbifold fixed point (one towards IR and the other towards the UV). This leads to a tension in the fitting of the bottom and top quark masses. The large top mass requires the third generation doublet to be closer to the localization of H u thereby rendering the bottom quark mass fit to be small with O(1) Yukawa parameters.
This problem can be mildly alleviated by choosing the c value for the third generation doublet to be c Q 3 ∼ 0.5. This corresponds to a delocalized third generation doublet. With this choice it is possible to fit both the bottom and the top quark mass by choosing the Yukawa parameters for the third generation in the range between 11 and 12. Allowing the third generation doublet to be localized either brane will require the O(1) Yukawa coupling for either the top or the bottom mass parameter range parameter range parameter range parameter range parameter range parameter range to be much larger than 12. This represents a slightly fine tuned case.
Configuration C and D on the other hand are more favoured since they allow fits for both the leptonic and the hadronic sector with choice of O(1) Yukawa between 0.1 and 10. The c parameters for the light quarks for both the configurations are scanned between 0 and 1. c Q 3
and c U 3 for configuration C is scanned between 0.5 and 3. For configuration D they are scanned between -3 to 0.5. This is owing to the large top quark mass which favour the localization of the third generation doublet and the top singlet closer to the zero mode of H u . We present the results of the scan for the quark sector for only these configurations and are given in Table[II] and III.
IV. ISSUES WITH NON-SUPERSYMMETRIC MODELS
As we have seen in Section[III], the brane mass parameters (b) could be appropriately adjusted to arrive at the four configurations for the localization of the zero mode 2 . However the zero modes for the both the Higgs fields were massless. It would be interesting to see it's implications on the vacuum conditions of the effective zero mode potential.
In this section we quantitatively analyze the conditions for electroweak minima for each of the four configurations.
We begin with the following two Higgs doublet potential with bulk masses m 2 u,d and m 2 12 .
2 In principle the presence of m 2 12 in Eq. (14) can modify the profiles. We will assume it to be small compared to m 2 u and m
The four different configuration which depict the localization of the zero mode of the Higgs doublet in the bulk.
KK expanding the fields H u,d , 4D effective potential for the zero mode is given as
where λ i = kλ i are dimensionless parameters. The cross terms in the potential V cross is given as
The dimensionless overlap integrals K, G are defined as
Ha denotes the bulk profile for the n th KK state of H a where a = 1, 2. Note that the bulk mass term for the scalar included in the above potential are used to determine the bulk wave-functions of the field. Thus in the two Higgs doublet terminology [30, 31] , this results in m 2 1 = m 2 2 = 0 at the effective 4D level. The correction to the potential due to mixing between the zero mode and the higher KK modes are neglected. We now make a few observations on the conditions required for electroweak symmetry breaking by investigating the potential at the minimum. We assume the potential is minimized along the following direction
The effective 4D potential at it's minimum is given as
The minimization conditions corresponding to the potential in Eq. (19) i.e. = 0, can be easily derived to be given as 
Additionally since m 2 12 is a bulk mass is typically O(k 2 ). Warping down this scale to M 2
EW SB
would require the overlap integral K 
Since m 
where of the other parameters 3 . This implies that λ 4 and therefore the λ 4 (since h 2 ∼ 0.01) coupling is non-perturbative. Without resorting to a full numerical fit, we conclude that the case of pure SM with 2HDM in RS requires significant fine tuning in the λ couplings. We now proceed to look for alternative solutions.
V. SUPERSYMMETRIC EXTENSIONS
In the previous section we saw that all the four configurations of Higgses in the bulk had issues with electroweak symmetry breaking. A possible solution to this problem is to supersymmetrize the model. Supersymmetry breaking introduces soft terms 4 of the formm 2 i which could be helpful in alleviating the fine tuning necessary to achieve EWSB. In addition, m 2 12 which are also generated due to soft breaking effects will not contribute to the scalar profiles in the bulk. In this section we discuss the implications of supersymmetrizing the model for all the four configurations. 
where L, U, D, H u,d are N = 1 chiral multiplets and σ(y) = k|y|. The dots in Eq. (26) represents terms of the form LH u E c which gives rise to corrections to the fermion masses at the loop level.
The bulk profile for the zero mode of the chiral multiplet X is given as [34] 
A. Soft breaking terms
Supersymmetry breaking terms are generated on the brane by the interaction of the bulk fields with the supersymmetry breaking spurion X. It is parameterized as X = θ 2 F . The spurion X is chosen to be localized on the brane near which H u is localized. This is necessary to generate large X t to have m Higgs = 125 GeV with light stop masses.
where β have dimensional carrying negative mass dimensions of -1 ( as the matter fields are five dimensional).
The soft masses are generated when the X fields get a vacuum expectation value. The sfermion mass matrix will however not be diagonal in flavour space. In the canonical basis the mass matrices are of the form [32, 33, [35] [36] [37] (m
whereβ ij = 2kβ ij are dimensionless O(1) parameters. N i are defined in Eq.(4). The gravitino mass is defined as
The localization of the superfields at different points in the bulk also lends a flavourful structure to the soft mass matrices. For X localized at the y = a orbifold fixed point, they are given as
where m 0 is the soft mass scale. The presence of SUSY breaking effects is useful on many accounts:
First the mass term m 2 12 are generated only after supersymmetry is broken. As a result it helps in justifying their non-inclusion to determine the bulk profiles of the scalar fields. Secondly, the choice of b u = 3 in configuration A and b d in configuration B is necessary to warp down m 2 12 (which is O(M P L )) to the electroweak scale. Since these terms are generated due to supersymmetry breaking effects they are naturally of O(TeV) or below.
VI. LEPTON FLAVOUR VIOLATION
Mixing of the SM fermions with the KK states of various fields gives rise to additional contributions to the flavour changing processes. The rare flavour violating decays can arise at tree level(l j → l i l k l k ) and at the one loop diagrams of the form l j → l i + γ. In the presence of SUSY, flavour violation in the presence of soft terms would contribute with the corresponding neutralinos/charginos. In the following we will assume m 0 to be > 5 TeV as a result of which the MSSM contributions to the flavour processes are suppressed. The contributions to the flavour processes due to the KK states of the superpartners is similar to the MSSM contribution. This can also be suppressed by assuming the lowest KK scale i.e k ∼ 5 TeV [38] . However we shall see that even by assuming a lowest KK scale as large as 5 TeV is not sufficient to suppress the FCNC due to the SM KK states in our model.
Tree Level: The contribution to tree level decays are predominantly due to the non-universal coupling of the zero mode fermions to the first KK state of the Z boson (Z (1) ). In the presence of two Higgs doublets the physical Higgs spectrum consists of 2 CP even scalars, one pseudo scalar and two charged Higgs. Sub leading contributions due to tree level exchange of neutral scalars (h,H and A) also arise and depend on the mixing angle δ (defined in Equation (C3)), which parametrizes the mixing between the zero mode and the higher KK modes of the scalars. As shown in Fig.[12] , it is at-most O(1) depending on the position of localization of the Higgses. δ is negligible for con- Similarly for configuration D, the zero mode for the doublets are also localized very close to the UV brane as shown in [11] which will also result in the corresponding coupling Y 001 d to be very small. As a result we do not consider their effects for tree level processes.
The tree level processes j → ikk can be parametrized by the following effective terms in the lagrangian
where i, j, k denote flavour indices and the flavour changing vertex is parameterized by β ij α (α = 3, 4, 5, 6). The expression for the branching fraction in terms of the co-efficients β ij α can be found in [16] . Fermion fields whose zero modes are localized close to the UV brane i.e. c > 0.5 or are localized close to the IR brane i.e. c < −5, will couple universally to the first KK mode of the gauge boson [24, 27] . We now discuss the implications of fermion localization on tree-level FCNC for all the four configuration of Higgs in the bulk.
(A) configuration: H u is localized near the IR brane and H d is localized near the UV brane:
As shown in Table[ I] and in Fig.[8] , the neutrino mass fits require the lepton doublets close to the UV brane. Thus the doublets couple universally to Z (1) , giving negligible contribution to tree level FCNC. The charged singlets, however have non-universal coupling to gauge KK states which could constrain the available parameter space for c E . Figure [ Table. [I], since the doublets and the singlets (especially the first two generation) have a tendency to be localized near the UV brane, the constraints from tree level FCNC are weak. As a result it is possible to find points which satisfy the constraints for a lowest gauge KK mass of around 2 TeV.
(C) configuration: The configuration where both the Higgs are localized near the UV brane is far more constrained. As seen in Table. [I], unlike the case B, the doublets no longer couple universally to the KK state of Z. Along with the singlets, they give rise to appreciable contribution to the tree level FCNC. Thus the minimum gauge KK scale required to satisfy the constraints from all tree level processes increases to around 11 TeV. 
parameterized as
In terms of the co-efficients A L , A R the Branching fraction for the loop induced process is given as
The discussion of loop induced decays for the four configurations of Higgses can be divided into two categories:
This case corresponds to configurations A and C discussed in Section [II] . For this case let us first consider the contribution due to the exchange of neutral scalar states in the loop as shown in the left panel of Fig.[3] . The mass-insertion in the internal KK fermion line (represented by a dot) can be expressed by the following integral
is defined in Eq. (9) and f (n) (y) is the profile for the n th KK mode of the fermion and is given as [27] As shown in Fig.[4] the integral g (n,m) will be negligible for these cases since the zero mode In such a scenario the main contribution arises due to the KK states of H d . It will be due to the exchange of KK state of
as shown in Fig[7] . There will also be a similar contribution due to ρ (n)
co-efficient A R in this case is approximately given by
where Y Configuration D, on the other hand receives contribution due to both Figures 3 as well as [7] .
Similar to configuration A very heavy KK masses O(100) TeV is required to suppress the rates. 
VII. MINIMAL FLAVOUR VIOLATION
As discussed in the previous section and also noted in [16, 24, 40] , RS model with bulk fermions and gauge bosons typically give rise to large contributions to the loop induced decays for low lying KK scales which are within the reach of the LHC. As a result the regions which fit the lepton mass and mixing data in Fig.[2] are ruled out when constraints from the flavour sector are taken into consideration. One solution is to consider RS at the GUT scale where low lying KK scales are naturally of O(M GU T ) thus giving negligible contribution to the flavour changing processes [37] .
In this work we explore the alternative of invoking flavour symmetries as a solution to constrain the flavour changing currents. In particular we use the approach of the Minimal Flavour Violation (MFV) ansatz which was first introduced for 4D theories in the hadronic sector [41] . According to this proposal all new sources of flavour violation are completely embedded in the Yukawa couplings of the SM. Its implementation in the leptonic sector is not unique owing to various modes of neutrino mass generation and various possibilities were discussed in [42] .
In the RS sector the large contribution to the flavour violating processes results owing to the misalignment between the mass matrix which is a function of the bulk mass parameters and the flavour structure of the processes which are a function of the Yukawa couplings. This can be alleviated by using the ansatz of MFV applied to the RS sector first pointed out in [19] for the quark sector. It's extensions to the leptonic was considered in [17, 24, 40] . According to this ansatz the bulk Yukawa matrices can be rotated using the flavour group to be aligned with the bulk mass matrices. This reduces the misalignment between the flavour basis and the mass basis thereby giving a suppressed contribution to the flavour changing processes.
For the case under consideration the major contribution to the loop level diagrams is due to the mixing of the SM states with the KK states parametrized by Y E . MFV can be applied to this if we impose the following flavour symmetry on the bulk lagrangian.
The fundamental 5D Yukawa couplings have the following transformation under G lepton :
The bulk masses can be expressed in terms of the O(1) Yukawa couplings as
Using the flavour symmetry, we can work in a basis in which Y E is diagonal. In this basis κ is defined as [42] κ
The proportionality constant is Table[I] , we find that the imposition of MFV does not change the fundamental nature of fits. The only requirement is that the c parameters chosen for the fit must be proportional to the Yukawa couplings.
We can construct a flavour violating combination (∆) transforming as (8,1) under G lepton as
The higher dimensional operator invariant under G lepton which parametrizes j → iγ is given as
where the fields are bulk fields. The contribution of flavour changing diagrams (parameterized by ∆) will be proportional to
as a result of the higher dimensional operator being suppressed by the Planck scale. Thus as a result of implementing the MFV ansatz the dangerous flavour violating contributions are highly suppressed.
VIII. CONCLUSIONS
Neutrino masses through quantum gravity effects is an interesting possibility. In an effective 
The coupling of the SM fermions to the Higgs mass eigenstates is exactly the same for a general type II two Higgs doublet model in 4D and is given in [30, 31] . The coupling of a zero mode and KK mode charged fermion with the CP even scalar eigenstates is given as 
Here Y = 2 √ k in general denotes the O(1) of the fermions to the Higgs. Similarly the coupling to the CP odd eigenstate is given as
and the charged Higgs is given as
Appendix C: Mixing of zero mode and KK modes of H a (a = u, d)
The presence of interaction terms in the bulk, leads to the mixing of the zero mode and higher KK modes of the bulk scalar field H a . For simplicity will will consider only one KK mode. We will consider the case of H d and exactly similar argument will follow for H u as well. 
